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Suppression subtractive hybridization was used to 
clone genes associated with the activation of hepatic 
stellate cells and 13 genes were found to be domi- 
nantty expressed in activated stellate cells. Among 
them , one was identical to the 421 -837th base pairs of 
cDNA sequence reported for rat prion-related protein 
(PrP). In cultured stellate cells, PrP mRNA expression 
increased in a time-dependent manner in parallel 
with smooth muscle (SM) o- act in mRNA expression. 
In situ hybridization demonstrated that PrP mRNA 
was localized in and around the fibrous septa of car- 
bon tetrachloride (CC^J-treated liver. Cellular PrP 
(PrP*) was produced by culture-activated stellate cells, 
and immunohistochemicalfy detected in the fibrous 
septa of CCJ 4 -dam aged liver and sinusoidal linings of 
common bile duct-ligated liver, consistent with the 
localization of SM cr-actin. Immunoelectron micros- 
copy revealed that PrP* resided on the plasma mem- 
brane of stellate cells. These results indicate that PrP 
expression is closely related to stellate cell activation 
associated with fibrogenic stimuli. (Am J Pathol 
J 998. 155:1695-1100) 

Hepatic stellate cells constitute the sinusoidal walls as 
liver-specilic pericytes and store vitamin A-associated 
lipid droplets. 1 When the liver suffers an injury, these cells 
undergo activation and proliferation in response to vari- 
ous growth factors and oxidative stress. 7 ~ A In the course 
of activation, stellate cells are dramatically altered in the 
metabolism of extracellular matrix materials, 56 smooth 
muscle (SM) a-actin, 7 and nerve-related materials such 
as glial fibrillary acidic protein (GFAP) 8 - 9 and neural cell 
adhesion molecule (N-CAM). 10 11 Although the proteins 
characteristic of activated stellate cells have been thus 



extensively studied, data on genes related to stellate cell 
activation remain very limited. In fact, a novel immediate 
early gene Zf-9 has been very recently cloned from rat 
stellate cells. 12 Stellate cell activation is an important 
event in the pathology of liver diseases because it is 
believed to play roles in the development of fibrosis. 2 - 5 - 6 
The analysis of genes associated with stellate celt acti- 
vation may thus provide a clue to the molecular mecha- 
nism and gene therapy of fibrotic liver diseases. 

In the present study, we employed suppression sub- 
tractive hybridization to clone the genes which were dom- 
inantly expressed in activated phenotype of stellate cells 
and demonstrated for the first time that prion-related 
protein (PrP) gene expression and protein (cellular PrP, 
PrP c ) production were induced in the course of stellate 
cell activation both in vitro and in vivo, comparing to the 
expression of SM a-actin, a commonly used marker for 
stellate cell activation. 



Materials and Methods 
Animals 

Male Wistar rats and male Syrian hamsters were pur- 
chased from Japan SLC, Inc. (Shizuoka. Japan), housed 
under a specific pathogen-free condition at a constant 
temperature, and fed standard chow pellets and water ad 
libitum. All experiments were carried out according to the 
standard guidelines of Osaka City University for animal 
experimentation. 

Isolation and Culture of Stellate Cells 

Slellate cells were isolated from the liver of rats or ham- 
sters as previously reported. 13 In brief, after the liver was 
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GGAGOGTOGAACACTCGTCG 
TACCCACCTCAGAGTGGTCG 
CATCXTPGGTOGCTCGGGACA 
ToGAGTCAAGGAGGGOGTAC 
CTCAAGCATGTGGCAGGGGC 
ATCTTCGOGAGTGCCATXIAG 
TACTACPfi AG AAAAC ATT7TA 



TACAGCAACCAGAACAACTT 
GTCACTACXACCACCAAGGG 
GTCG 'Z AGCAG ATCTCOGT 
AGAAC. 7CTAGOGCCGTGCT 
ATCTTCCTGATCGTGGGATG 
AGGCTCGGGGAGGGGTTACC 
TCCACTATVC 



AAGCOGGIACCCMGGGCAGG 
TACCTCGGGGCAGCCOCATC 
ACXTTCATGGTGGTGGCTGGG 
CCATAATCAGTCGAACAAGC 
TGCCGCAGCTCGGGC AC TAG 
CAGGCCCATGCTTCATTT'PG 



.GACCACATGCTATTCGCTT 
CCAGGCCAGTAAGAATA'DLA 
TACTGAGTAAATACTGTCTA 
CACATAACTTAGTATAGGCA 
CCCTXX5AT3UCACCCTX:CCC 
CIAACATAAACCATAGCTCA 
ATTGAAAG C AAA CT A TGTT" 
CCAGGAGATTTTGACTCTGA 
AGAGATGCTGAGGGGACAAA 
TCAAG AGCTAGA ATTAGCTC 
CCTAAGTrTCTCTACTCCTA 
GOGC1GCACAGGACAGAAAT 
TGTCTAAGTAAGGCTAACTT 
ACCCTCTCATCCCTTCACCC 
TCAAGCTTAOGCCTTCTATT 



CXTTCCACGACTCTCTCAAI . . 
GGAGAACTTCACGGAGACCG 
CACCCAGTATCAGAAGGAGT 
TTPCTCCTCCCCICCTGTCA 
AGGAGGCCTTCCTGCTTOTT 

CAccTCTAGCTcrrrcAArr 

TAATACCHTTTCGCAGTCATT. 

CAGCGTCCTTTCAI^GAGTC 

CACCAAATAACIGCTGGCTA 

ACXX-CTCAATTTCTACCCAG 

AAGGGGTCTATAGCCAAAGA 

CCTCGGATATCTAGAGCATC 

TTGAAGGCAACAAGAAAAAG 

ATTCCCTAGGCGCTGGAATC 

GGAGAACCAGCAGTACAAAA 

GGCAAGACCCXTTGCGTrrCT 

CTCTCTCATAATTATCAAOA 

TTTGAACTCGACAACAA ;v ' 

AGGCTCCATTCCAAAGT' - . - 

TTCCTTAAATCG L ' 1 ' I ' I T , 

IXXACCGCGGGTSTTCI M 

TTAAAACATCTGAAGIGT 



GAAGCCCTCGAGGCAACCGT 
GTO5TGGCTGGGGACAACCT 
GTCAGCCCCATGGCGGGGGC 
CCAGCAAGCCAAAAACCAAC 
TOGGGGGCCTTGGTGGCTAC 
GCAACGACTQGGAGGACOGC 



ACGTCAAGATGATGGAGOGT 
CCCAGGCCTATTACGACGGG 
TCCTCCTCATCTOCTKrCTC 
CCTTCTCATTCTCGTQGTCT 
GAGGTGGTGTCTCATT CTTG 

AGGACATGGT3ACAGAGACA 
AGCACTGTG TGGGCATGGCA 
ACATGTGAATTCTTTCriTT 
A ATCAA ATTATCCTACTGAC 
ATTTTTAGCCTTGGATTAAA 
GCATGGTCTCCTGTGATOGG 
TCATTTCTCTCTCATAATTA 
GCTAGAA TTAGG VCG TGTGC 
GACAATCTACAAATTCTCTT 
AAGAGAAATTCTGCTAGCAT 
TTCCCCX^GCAGACATCACA 
TAGAATATATAAATATAACT 
AAOGCACTGGCCC 
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perfusion-digested with pronase E (Merck, Darmstadt. 
Germany) and coiiagenase (Wako Pure Chemical. 
Osaka. Japan), it was taken out. minced, and incubated 
in a Krebs Ringer solution containing 0 05% pronase E. 
0.05% coiiagenase and 20 ^g/m\ DNase (Boehringer 
Mannheim. Mannr>eim. Germany) for 30 minutes at pH 
7.3. After removing undigested materials, a stellate cell- 
enriched fraction was obtained by centrifugation of the 
mixture in an 8 2% Nycodenz (Nycomed Pharma AS. 
Oslo. Norway) at 1400 g and 4°C tor 20 minutes. The cells 
were washed and suspended in RPMI 1640 supple- 
mented with 10% fetal bovine serum (FBS. GIBCO BRL. 
Gaithersburg. MD) and anhboncs (10 5 units/L penicillin 
G and 100 mg/L streptomycin) The purity of stellate cells 
was always more than 95% as assessed by the presence 
of yellow-colored droplets They were cultured on un- 
coated plastic dishes lor 14 days after plating. 

Suppression Subtractive Hybridization 

Poly A^ RNA was extracted from 14-day-cultured or 
freshly isolated rat stellate cells using a Micro-Fast Track 
kit (Invitrogen. Carlsbad. CA) Each 2 ^9 of poly A^ RNA 
was used to make the tester and the driver cDNA. Sup- 
pression subtractive hybridization was performed using a 
PCR-select cDNA subtraction kit (Clontech, Palo Alto. 
CA) according to the manufacturer s protocol. Briefly, the 
tester and the driver cDNA were digested with Rsal. and 
the tester cDNA was ligated to the adaptor DNA. After 
twice repeated hybridization with the tester and the driver 
cDNA. the resulting mixture was amplified by PCR using 
flanking and nested primers which anneal the adaptor 
DNA to produce subtracted PCR fragments. They were 
subcloned into pGEM-T vector (Promega. Madison. Wl). 
Amplified cDNA fragments were sequenced using a Rho- 
damine Terminator Cycle Sequencing Kit (Perkin-Elmer, 
Foster City. CA) and ABI PRISM 310 automated fluores- 
cent DNA sequencer (Perkin-Elmer). DNA database 



searches were performed using the FASTA program by 
directly accessing the database of DNA Data Bank of 
Japan. 



Northern Blot Analysis 

Total RNA was extracted from stellate cells using Isogene 
(Nippon Gene. Tokyo). Each 20 ^9 of the extracted RNA 
was denatured and then subjected to electrophoresis in 
1% agarose gel containing 7.4% formaldehyde for 3 
hours at 100 V. The electrophoresed RNA was trans- 
ferred to a nylon membrane (Hybond-N. Amersham. 
Buckinghamshire. UK). After fixation, the membrane was 
incubated for 2 hours at 42°C in a prehybridization buffer 
containing 5x saline sodium citrate (SSC, 3 mol/L NaCI 
and 0.3 mol/L sodium citrate). 5x Denhardt's solution. 
50% formamide. 0.5% sodium dodecyl sulfate (SDS). and 
20 M9/ml salmon sperm DNA. The membrane was then 
incubated in the same buffer supplemented with cDNA 
for PrP. SM a-actin. or £-actin which was labeled with 
[ 32 P]dCTP by using a multiprime labeling system (Amer- 
sham). After overnight incubation at 42°C. the membrane 
was washed twice with 2x SSC containing 0.1% SDS and 
then with 0.1X SSC containing 0.1% SDS. Autoradiogra- 
phy was performed using a Fujix 8AS 2000 bio-imaging 
analyzer (Fuji Photo-Film. Tokyo. Japan). 



Western Blot Analysis 

Hamster stellate cells cultured for indicated periods were 
homogenized in 50 mmol/L of ice-cold Tns buffer con- 
taining 1 mmol/L EDTA (pH 7.4). The homogenat M0 
m9 protein) were solubilized in SDS sample buffe -in- 
jected to 12% SDS-polyacrylamide gel electroprv - s 
(PAGE) and then transferred onto Immobilon-P (Millipore. 
Bedford, MA). After washing, the membranes were 
treated with 1% BSA at 42°C overnight and incubated 
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Figure 2. Detection of l»rl» mHNA cxpn-^m in ni liver tissue Untreated ((a, C) ) and CCVtreaied ((b, d-f)) rat livers were sraincd with Azan-Mallory stain ((a, 
t» > jnU in situ hybridization for PrH mKNA t xpfiNM».n uith jnnsense riboprobe ((C, d. f)) and sense probe ((e)). Note thai PrP mRNA is expressed in ihe cells 
located in and around the sep*3 of fibn*H liver Mj^oiIk anon. ((a. b)), X50 ((C. d)), X 100 ((e)), X 125 ((0). 



with either anti-SM a-actin monoclonal antibody (1:1000, 
Boehringer Mannheim) or ann-human PrP monoclonal 
antibody (1:1000. Chemtcon International. Temecula. 
CA) at room temperature for 2 hours After washing, the 
membranes were incubated with peroxidase-conjugated 
rabbit anti-mouse IgG ( 1 : 1000. Dako. Glosirup, Denmark) 
at room temperature for 1 hour After washing, immuno- 
reactive bands were visualized on x-ray film (Kodak XAR 
5) using ECL Western blotting detection reagents (Amer- 
sham). 

Induction of Hepatic Fibrosis 

Hepatic fibrosis was induced in rats and hamsters either 
by subcutaneous administration of 100 #aI of carbon tet- 
rachloride (CCI 4 )/100 g body weighi twice a week for 9 
weeks or by ligation of common bile cuct for a week. 

Fixation 

Under ether anesthesia, the liver was taken out. A part of 
the liver was fixed with 4% formaldehyde and paraffin 
sections were stained with Azan Mallory staining. Another 
part of the liver was fixed in 4% paraformaldehyde and 
used for in situ hybridization, immunohistochemistry, and 
eleclron microscopy. 

In Situ Hybridization 

Sense and antisense RNA probes corresponding to rat 
PrP cDNA fragment were inserted into the pGEM-T vector 
and labeled with digoxigenin-labeled UTP (Boehringer 
Mannheim) by using 17 or SP6 RNA polymerase, respec- 
tively. Cryosections of paraformaldehyde-fixed liver 
specimens 5 thick were mounted on glass slides 
coated with TESTA (3-amino propyltriethoxysilane. 



Sigma, St. Louis. MO) and air-dried. The sections were 
rinsed twice in 0.1 mol/L phosphate buffer (PB) and then 
treated with 10 ^.g/mt proteinase K in 50 mmol/L Tris-HCi 
and 5 mmol/L EDTA for 5 minutes. They were refixed in 
4% paraformaldehyde, rinsed once in DEPC water, 
acetylated in 0.25% acetic anhydride in 0.1 mol/L trieth- 
anolamine. and then rinsed once in 0.1 mof/L PB prior to 
dehydration. Hybridization was performed at 55°C for 16 
hours in a solution (pH 8.0) containing 50% formamide. 
20 mmol/L Tris-HCI. 5 mmol/L EDTA (pH 8.0). 0.3 mol/L 
NaCI. 10 mmol/L PB. 1x Denhardt's solution. 10% dex- 
tran sulfate. 0.2% sarcosyl, 500 jig/ml yeast tRNA. 200 
/i.g/ml salmon sperm DNA and 2.5 /ig/ml of digoxigenin- 
labeled riboprobe. After washing at 65°C in a high-strin- 
gency solution containing 50% formamide. 2x SSC and 
10% mercaptoethanol for 30 minutes, sections were 
treated with RNase A (1 /xg/ml) in 10 mmol/L Tris-HCI. 1 
mmol/L EDTA, and 0.5 mol/L NaCI for 10 minutes at 37°C. 
They were washed at 65°C in the high-stringency solution 
for 30 minutes in 2x SSC for 10 minutes, and in 0. 1 x SSC 
for 10 minutes. Immunological detection was performed 
using the Genius nonradioactive DNA labeling and de- 
tection kit (Boehringer Mannheim) according to the man- 
ufacturer's protocol. After coior development, sections 
were counterstained with methyl green and mounted. 



Immunohistochemistry 

Paraformaldehyde-fixed hamster liver specimens were 
cut by cryostat into sections 5 /xm thick, mounted on 
glass slides coated with TESTA, and air-dried. Samples 
were incubated with 0.3% hydrogen peroxide in metha- 
nol for 30 minutes. After washing, they were treated with 
normal animal serum for 1 hour at room temperature and 
further incubated with anti-SM a-actin monoclonal anti- 
body (1:500) or anti-human PrP monoclonal antibody 
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^ 1 ^ Lmc^epc-ndeni manner in parallel w„h SM a-actin expression. B: Detection 
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(1:500) overnight at 4°C. After washing, they were incu- 
bated with biotinylated secondary antibody ( 1 :500, Dako) 
for 1 hour at room temperature, followed by incubation with 
avidin-biotin-peroxidase complex (Vectastain. Burlingame, 
CA). Reaction products were visualized by incubating with 
0.025% diaminobenzidme (DAB) and 0003% hydrogen 
peroxide and counterstaining with methyl green. 

Immunoelectron Microscopy 

Liver specimens fixed with 4% paraformaldehyde were 
cut into 50-/jLm-thick sections by a Microsticer (Dosaka. 
Kyoto, Japan). Sections were immunostained for PrP as 
described above except that the endogenous peroxi- 
dase blocking step was omitted. After colorization with 
DAB and hydrogen peroxide, sections were postfixed in 
1% osmium tetraoxide. dehydrated in ethanol, and em- 
bedded in polybed (Polyscience. Warrington, PA). Thin 
sections were stained with saturated lead citrate for 5 
minutes and observed under a JEM- 1200 EX electron 
microscope (JEOL, Tokyo, Japan) at 100 kV. 



Results 

Expression of PrP Gene in Cultured Rat 
Stellate Cells 

We used freshly isolated and 14-day-cultured rat stellate 
cells for quiescent and activated, respectively, cells as 
demonstrated by the negative and positive, respectively, 
immunocytochemical stain for SM a-actin (data not 
shown), and isolated 13 genes exclusively expressed in 
activated stellate cells by using suppression subtractive 
hybridization. DNA sequence analysis revealed that four 
were novel genes, four were genes already reported to 
express in stellate cells (ie, SM o-actin, 7 lammin 01, 14 
entactin, 15 and oxidized low-density lipoprotein recep- 
tor. 16 ) and the remaining five were known genes but their 
expression in stellate cells has not been reported so far. 
Of great interest, one gene from the third group was a PrP 
gene, indicated by the fact that the sequence of cDNA 
fragment was 100% identical to the 421- 837th base pairs 
of cDNA sequence reported for rat PrP (Genbank, 
M20313) 17 (Figure 1A). Time-course Northern blot anal- 
ysis showed that, while PrP mRNA expression was 
scarce in the stellate cells at day 0 after culture, it in- 
creased in a time-dependent manner by day 14, accom- 
panied by the increase in SM a-actin mRNA expression 
(Figure 1B). 

Expression of PrP mRNA in Rat Livers 

To demonstrate PrP mRNA in liver tissues, in situ hybrid- 
ization was performed in untreated (Figure 2a) and CCI 4 - 
induced fibrotic rat livers (Figure 2b). While PrP mRNA 
expression was negligible in untreated livers (Figure 2c). 
it was prominent in and around the fibrous septa of fi- 
brotic livers (Figure 2d. f). There was no staining with 
sense riboprobe in fibrotic livers (Figure 2e). 



Expression of PrP° in Cultured Hamster 
Stellate Cells 

Because anti-human PrP c monoclonal antibody cross- 
reacts with hamster PrF^ but not with rat PrP°, we used 
cultured hamster stellate cells for the analysis of PrF^ 
expression. Western blot analysis demonstrated that the 
bands indicating PrP c with molecular weight of 30-35 
kDa were absent at day 0. appeared at day 3, and 
significantly increased at days 7 and 14 (Figure 3A). The 
time course of SM a-actin expression was very similar to 
that of PrP c expression; SM a-actin was negligible at day 
0 and increased in a time-dependent manner, reaching 
the maximum at days 7 and 14 (Figure 3A). 



Expression of PrP^ in Hamster Livers 

To demonstrate PrP c expression in liver tissues, immuno- 
histochemical detection of the protein was done in un- 
treated (Figure 3B-a). CC^-treated (Figure 3B-b). and 
common bile duct-ligated (Figure 3B-c) hamster livers. In 
untreated livers. SM a-actin was expressed in perivascu- 
lar smooth muscles (Figure 3B-d). whereas PrP° was not 
detected (Figure 3B-g) except in lymphocytes and base- 
ment membrane-like structures of the portal vein (data 
not shown). In and around the fibrous septa of CCI 4 - 
induced fibrotic livers, numerous cells stained positively 
for SM a-actin (Figure 3B-e) and PrF^ (Figure 3B-h). 
Immunoelectron microscopy of CCI 4 -treated livers re- 
vealed that reaction deposits for PrP 0 were located along 
the plasma membrane of stellate cells containing lipid 
droplets (Figure 3B-j). In common bile duct-ligated livers, 
PrF^-positive cells were found along the sinusoids 
preferentially in the periportal and intermediate zones of 
liver lobule (Figure 3B-i. k). SM a-actin-positive cells ex- 
hibited similar intralobular distribution as PrP c -positive 
ones (Figure 3B-f). 



Discussion 

The molecular mechanisms of stellate cell activation and 
regulation have been extensively investigated to eluci- 
date the pathogenesis of liver fibrosis and to develop 
potential therapeutic strategies to prevent liver cirrho- 
sis. 4 - 1819 The present study has for the first time demon- 
strated that PrP is expressed in activated stellate cells at 
both the mRNA and protein levels. Expression of PrP was 
well correlated with that of SM a-actin, a well known 
marker for stellate cell activation. 

Prions are causative agents for diseases termed spon- 
giform encephalopathies, which are not only infectious in 
livestock and human beings but also inheritable in the 
latter. They are devoid of nucleic acids and consist of a 
single protein termed scrapie-type PrP (PrP Sc ). There is 
no difference in amino acid sequence between patho- 
genic PrP Sc and its normal counterpart PrP c . It is reported 
that PrP Sc converts its host-encoded isoform PrP c into 
insoluble aggregates of PrP Sc concomitantly with patho- 
logic modifications. 20 " 23 As a result. PrP Sc causes neural 
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cell degeneration. However, the pathophysiological func- 
tion of PrF* is poorly understood. 

PrP 0 is a constituent glycoprotein present at a high 
concentration in the brain. It is also found in the heart, 
kidney, and lung at intermediate levels, but is not detect- 
able in the liver. 24 2f> This study demonstrated that ex- 
pression of PrP mRNA and its protein was negligible in 
normal liver tissue, a finding consistent with previous 
studies. However, it was found to increase dramatically in 
diseased livers associated w?th stellate cell activation. It 
is reported that activated stellate cells undergo metabolic 
alterations which induce increased or decreased the pro- 
duction of nerve-related proteins such as N-CAM 11 or 
GFAP, 8 respectively, in rats The present finding of PrP 
expression in activated stellare cells may provide further 
evidence of a metabolic relation of activated stellate cells 
with nerve cells. It has been also suggested that P(P° 
may function as a neural ceil receptor or a cell adhesion 
molecule, directing and/or maintaining the architecture of 
the nervous system 26 27 The demonstration by immuno- 
electron microscopy that PrP c local-zes on the surface of 
activated stellate cells is consistent with this view. 

It was recently reported that PrP° may function as a 
copper-binding protein and modulate copper-dependent 
enzyme activities. 28 Thus, it is conceivable that Cu^/Zn 2 *- 
superoxide dismutase activity cou!d be regulated by PrP c . 
Because stellate cell activation is accelerated by oxidative 
stress 4 - 29 and down-regulated by antioxidants. 13 PtP° 
might be involved in the response to oxidative stimuli. Al- 
though the association of stellate cell activation with other 
reponed functions of PrP 0 needs to be studied in detail, 
the present finding of the restricted expression of PrP 
mRNA and protein in activated stellate cells both in 
vitro and in vivo suggests that PrP expression could be 
involved in the development of liver fibrosis. 
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